We investigated a new procedure for gene transfer into the stroma of pig cornea for the delivery of therapeutic factors. A delimited space was created at 110 mm depth with a LDV femtosecond laser in pig corneas, and a HIV1-derived lentiviral vector expressing green fluorescent protein (GFP) (LV-CMV-GFP) was injected into the pocket. Corneas were subsequently dissected and kept in culture as explants. After 5 days, histological analysis of the explants revealed that the corneal pockets had closed and that the gene transfer procedure was efficient over the whole pocket area. Almost all the keratocytes were transduced in this area. Vector diffusion at right angles to the pocket's plane encompasses four (endothelium side) to 10 (epithelium side) layers of keratocytes. After 21 days, the level of transduction was similar to the results obtained after 5 days. The femtosecond laser technique allows a reliable injection and diffusion of lentiviral vectors to efficiently transduce stromal cells in a delimited area. Showing the efficacy of this procedure in vivo could represent an important step toward treatment or prevention of recurrent angiogenesis of the corneal stroma.
The cornea is a transparent soft tissue, without vessels, located in front of the iris. Angiogenesis in the cornea jeopardizes its transparency and is detrimental for vision. In Europe, leading causes of visual impairment have impressive regional variations and in Italy, the fifth cause of blindness is corneal opacities. 1 In eastern Mediterranean countries, trachoma is the second cause of blindness (that is, corneal scar after Chlamydia trachomatis infection). 2 These diseases combine corneal scars and corneal neovascularization (NV). In the United States, 4% of the population have corneal NV, 20% of corneal specimens obtained during a keratoplasty exhibit NV on histopathological investigations 3 and 1.4 million patients may develop corneal NV. Corneal angiogenesis occurs in various diseases, including inflammatory, infectious, degenerative and traumatic disorders.
The goal of current therapies is to remove scars and vessels from the opaque cornea. Carrying out a corneal transplantation could answer these two points, but the presence of active vessels in the recipient part of the cornea increases the risk of graft rejection and compromises the clinical outcome. Moreover, 50% of patients having already experienced graft NV undergo another blood vessel invasion after the second corneal graft. 4 Current therapies have adverse effects and so far their efficiency has been observed only for a short period of time. A new therapy consisting of the injection of an antiangiogenic factor has been recently proposed. Subconjunctival injection, topical application and systemic application of an antiangiogenic factor (Bevacizumab) have all been proposed to prevent corneal NV after a chemical burn of the cornea. [5] [6] [7] However, these approaches necessitate repetitive injections or applications.
To either avoid or cure corneal NV, gene therapy is a promising strategy and has been already tested to transduce corneal cells. Injection into the anterior chamber of first-generation adenovirus led to efficient, but transient, gene transfer to the corneal endothelium. 8 Similarly, an efficient transduction of the corneal endothelium was reported after intraocular injection (anterior chamber) of lentiviral vectors [9] [10] [11] as well as adeno-associated virus vectors. 12 Ex vivo transduction by incubation of corneal explants in the presence of different types of viral vectors has also been shown to lead to gene transfer to the corneal endothelium. [13] [14] [15] [16] Nevertheless, only one of these studies reports an efficient transduction of the keratocytes, but this was achieved only after several days of incubation of corneal organ culture with adeno-associated virus vectors. 16 However, transduction of the keratocytes of the corneal stroma may have a strong impact by controlling the local environment.
Here, we report a new technique using a femtosecond laser for lentiviral gene transfer into the corneal stroma of whole eyes allowing a precise targeting of the area to be transduced.
To create the corneal pocket, we used Ziemer's FEMTO LDV femtosecond laser (Ziemer Ophthalmology, Port, Switzerland) with adaptation of the software usually used to create a flap for LASIK (Laser In Situ Keratomileusis) surgery. The software was modified to obtain a circular-shaped pocket without communication to the epithelial and endothelial sides of the cornea, with a cut that was set at 7.5 mm diameter and 110 mm deep from the corneal epithelium. In all the cases, this procedure was sufficient to correctly form a pocket on freshly enucleated pig eyes without complications ( Figure 1a and Supplementary material). To assess the reliability of this procedure, we dissected and fixed four corneas immediately after the laser cut. Haematoxylin and eosin staining of paraffin-embedded sections showed that the femtosecond laser cut delaminated the corneal stroma, thus creating a pocket of the appropriate size at the appropriate depth (Figure 1b) . Microscopic examination of serial sections suggested that the space created by the femtosecond laser cut communicated neither with the epithelial nor with endothelial sides of the cornea. Furthermore, apart from the pocket, the stroma appeared normal, as well as the epithelium located just above the lesion (Figure 1b and higher magnification shown in 1c).
To carry out the gene transfer procedure, we injected a saline solution containing a GFP-expressing lentiviral vector (LV-CMV-GFP) into the corneal pocket immediately after the femtosecond laser cut. We used a disposable 1 ml plastic syringe mounted with a 30.5-gauge needle to inject 100 ml. The tip of the needle was easily inserted into the space of the corneal pocket, and the viral solution was injected slowly (Figure 2 and movie in Supplementary material). We observed no leak of the injected solution outside the cavity, confirming the absence of communication of the pocket with the anterior chamber and the surface of the eye. Only at the time of needle withdrawal, a small reflux of the injected solution was detected through the needle tract in the corneal epithelium (Supplementary material). Nevertheless, this reflux was easily, and immediately, removed by the operator. Thus, using the femtosecond laser, it seems that the vector is not able to spread, neither into the anterior chamber nor toward the ocular surface. This crucial point for a gene therapy application will, nevertheless, need to be completed by a study carried out not only on the isolated eyes but also on live animals to examine the whole eye structures in vivo, and the anterior chamber in particular.
To allow the necessary time for transduction to occur, we dissected the corneas after the injection procedure and kept them for 5 days in culture as explants before histological assessment of the gene transfer. The histological analysis revealed that the femtosecond laser cut was closed after the culture period of 5 days, resulting in the disappearance of the cavity. Nevertheless a slight reorganization of the stromal structure was detected, allowing a precise location of the femtosecond laser cut (dotted line in Figure 3a ). This reorganization was the Figure 1 Cutting a pocket in the corneal stroma with a femtosecond laser. We used fresh pig eyes from the butchery. Eyes were loaded on a support and maintained vertically with a negative pressure applied on the posterior part of the eyes. Positive pressure was maintained in the eyes using an in-line pinch clamp loaded with a sterile irrigating solution (BBS (borate buffered saline), Alcon, Schaffhausen, Switzerland) 1.5 m above the eye level during the whole procedure. We modified the femtosecond laser software that is usually used for refractive surgery or corneal transplantation to create a customized isolated pocket with a circular shape in the cornea. In the experiments reported herein, the depth of the pocket was set at 110 mm below the surface of the epithelium, and the diameter of the pocket was of 7.5 mm. Immediately after cutting, the pocket was clearly visible in the thickness of the cornea (delimited by arrowheads in a), and the surface of the cornea appeared normal (a). Four corneas were directly dissected and processed for histological analysis on haematoxylin and eosin-stained, paraffinembedded transversal sections (b-d). The space created by the femtosecond laser cut (Fc) had the appropriate size and was located at the correct depth in the stroma (b). The morphology did not reveal any damage of the stroma nor of the neighboring epithelium (c), compared with a normal cornea (d). Ep: epithelium; St: stroma; En: endothelium; Sc: sclera; Co: cornea.
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A-P Bemelmans et al only side effect detected by histological analysis that can be attributed to the femtosecond laser cut and/or to the gene transfer procedure. The swollen appearance of the stroma and the wavy shape of the epithelium (Figure 3a) are indeed a consequence of the explant culture process and were also observed on untreated corneas (data not shown). As the level of GFP expression can vary between cells, we carried out an immunohistochemical staining of GFP to allow the detection of all transduced cells. This showed that all six corneas injected with the LV-CMV-GFP lentiviral vector were strongly positive for the transgene expression in an area encompassing the whole pocket (Figure 3a) . Around the injected areas, almost all the cells were transduced, and the transduction pattern appeared homogeneous. The wide majority of the cells present in the corneal stroma are keratocytes. On the basis of this assumption, and on the morphology of the GFP-expressing cells, we believe that this is the phenotype of the transduced population. Nevertheless, it has recently been showed that a resident population of dendritic cells exists in the corneal stroma, 17, 18 and we cannot exclude that these cells were transduced as well.
To estimate vector diffusion out of the pocket, we counted the number of keratocyte layers expressing GFP at right angle from the femtosecond laser cut. This quantification showed that the vector diffusion was more effective in the direction of the epithelium side (9±0.8 layers of keratocytes transduced, n ¼ 4) than toward the endothelium side (4.5±0.75 layers transduced, n ¼ 4, P ¼ 0.0033). This difference can be because of the stroma cytoarchitecture or the artificial hydrostatic pressure applied onto the isolated eyes during injection, although this latter hypothesis seems unlikely because of the fact that immediately after injection, hydrostatic pressure was released and corneas separated from the rest of the eye. It is also possible that because the cornea thickness between the pocket and the epithelium is thinner than between the pocket and the endothelium, the pressure resulting from the injection rendered the epithelium side less resistant and allowed better vector diffusion.
To evaluate the percentage of GFP-expressing cells in the transduced area, we quantified the transduced cells (evidenced by GFP immunofluorescence labeling, Figure 4a ) and the total cells (evidenced by DAPI (4',6-diamidino-2-phenylindole) counterstaining of the nucleus, Figure 4b ) on Â 20 microscopic fields located close to the femtosecond laser cut. This quantification showed that in the vicinity of the femtosecond laser cut, 90.4% ± 4.7 (mean ± s.e.m. of four corneas usable for quantification) of the keratocytes were transduced by the LV-CMV-GFP vector. To compare the efficiency of our gene transfer method with direct intrastromal injection, we treated corneas with the same procedure except that vector delivery was accomplished without an earlier femtosecond laser cut. This led to a rate of GFPexpressing cells of 53.0% ±7.3 (mean±s.e.m., n ¼ 3) in the transduced area, significantly lower than corneas treated with the femtosecond laser (P ¼ 0.003).
Long-term transduction was assessed 3 weeks after gene transfer. Using the same vector dose and the same delivery method (Figure 4d-f) , quantification showed that the percentage of GFP-expressing cells remains stable between 5 days and 3 weeks (90.4% ± 4.7 vs 90.2% ±4.5), indicating the safety of the femtosecond laser cutting and of the lentiviral vector. At 3 weeks after direct intrastromal injection, GFP-expressing cells remained scattered and the transduced area still contained a high proportion of untransduced cells (Figure 4g-i) .
With femtosecond laser-assisted gene transfer, we obtained an efficient transduction of the stromal keratocytes, a condition never achieved before. Indeed, almost all keratocytes express the transgene in a delimited area comprising the choice of the surface and the deepness of the pocket that we would like to carry out. This would give the possibility to target focal or widespread pathological conditions in any location of the corneal stroma.
Several techniques aiming at the enhancement of stromal cells transduction have already been reported using either viral or non-viral gene transfer vector. Sonoda et al. 19 reported that ultrasound and microbubbles in conjunction lead to an increase of gene transfer after intrastromal injection of naked plasmid. Nevertheless, the transduction rate decreased with time and Immediately after femtosecond laser cutting, the tip of a 30.5-gauge needle was inserted in the space created in the stroma to slowly inject the solution containing the lentiviral vector and 0.1% fluorescein to follow the solution diffusion (see movie in Supplementary material). The LV-CMV-GFP lentiviral vector was described earlier. 28 Briefly, an expression cassette consisting in the green fluorescent protein (GFP) reporter gene under the transcriptional control of an immediate early cytomegalovirus promoter (CMV) was placed in the self-inactivating lentiviral shuttle plasmid, as described by Deglon et al. 29 Vector stocks were prepared by transient co-transfection of 293T cells with the lentiviral shuttle plasmid, an HIV-1-packaging plasmid (pCMVdeltaR8.2) and a VSV-G (vesicular stomatitis virus G protein)-expressing plasmid (pMD2.G). At 2 days after transfection, the recombinant vector was harvested in the supernatant, concentrated by ultracentrifugation, and stored at À80 1C until further use. Viral titers were determined by enzyme-linked immunosorbent assay quantification of p24 capsid protein (Zeptometrix, Franklin, MA, USA). The LV-CMV-GFP was injected into the corneal pocket at a dose of 150 ng of p24 diluted in 100 ml of balanced salt solution. The injected solution, traced by fluorescein, remained in the pocket. At the rim of the corneal pocket, the iris appeared in transparency through the fluorescein containing solution (asterisk). No leakage was detected in the anterior chamber, but a small reflux occurred through the needle tract after needle retrieval (arrowhead). Sc: sclera. After injection, the corneas were removed and immersed in CorneaMax (Laboratoires Eurobio, Les Ulis, France) for 5 days or for 3 weeks at +37 1C to preserve the viability of the corneas during the incubation time necessary to have the GFP transgene expressed by the transduced cells.
Efficient gene transfer into the corneal stroma A-P Bemelmans et al seemed to be much lower than the one reported in this study. Although this is most likely because of the nonviral nature of the vector used in the study by Sonoda et al., it is not ensured that viral vectors would be compatible with ultrasound. In vivo electroporation of the corneal tissue has also been evaluated. In this case, transduction was transient and limited to the area of electrodes implantation, 20, 21 making the transduction of the whole cornea unrealistic. Alternative surgical approaches have also been proposed to enhance viral vector-mediated transduction of the corneal stroma. Vector application after lamellar keratotomy 22, 23 or direct intrastromal injection 24 have led to the successful transduction of stromal cells, without reaching the efficiency reported in this study. Furthermore, such surgical approaches might be more traumatic than the femtosecond laser, and, most importantly, they do not allow to control vector diffusion as precisely as the femtosecond laser technique.
Such technique could be first applied to human cornea grafts for patients necessitating a second transplantation because of NV problems. Around 50% of the patients who develop NV after the first graft generate NV again for the second graft 25 showing the necessity to inhibit this process. Such goal necessitates an efficient transduction of keratocytes. Instead of submerging the sample in a bath or putting drops on the eye or carrying out a local injection in the corneal stroma, it is possible with the femtosecond laser to create a customized pocket before transplantation. Bathing human corneas in a mixture of lentiviruses is not efficient anyway to transfer genes into stromal keratocyte. Using this procedure, only the cells located at the surface of the tissue were transduced (personal data not shown). According to Mohan et al., 23 creating a lamellar flap in the corneal stroma is necessary to allow adeno-associated virus viral vectors to transduce keratocytes, which is confirmed and optimized by this strategy. As the lentiviral vector was shown to be efficient to transduce both the epithelium and the endothelium, 9, 10 and as our data revealed its capacity to infect stromal cells, this vector seems well-adapted for the treatment of corneal diseases. This is particularly the case for antiangiogenic strategies, such as gene delivery of the soluble form of a vascular endothelial growth Figure 3 Characterization of green fluorescent protein (GFP) expression. 5 days after lentiviral vector injection and incubation in CorneaMax medium, corneas were briefly rinsed in phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde in PBS and cryoprotected by overnight immersion in a 25% sucrose solution in PBS. Relevant samples were taken from the corneas, embedded in optimal cutting temperature (OCT) medium and snap frozen. 14 mm thick cryostat sections were cut and stored at À20 1C until further processing. For immunohistochemistry, sections were rinsed in PBS, permeabilized with 0.2% TritonX-100 and blocked in 10% normal Goat Serum before overnight incubation with a polyclonal anti-GFP antibody (1:3000 dilution; Abcam, Cambridge, UK). Primary antibody was subsequently detected by the PAP (peroxidase anti-peroxidase) method using the Vectastain EliteABC kit according to the manufacturer's instructions (Vector Laboratories, Burlingame, CA, USA). (a) GFP-expressing keratocytes were evidenced around the whole area of the corneal pocket, about 110 mm away from the lumen. The scar made by the femtosecond laser cut was easily detected because of the slight disorganization of the corneal stroma at this level (dotted line in a). The same pattern of GFP expression was observed in the six eyes treated with lentiviral vector injection. Although a therapeutic benefit was clearly evidenced in this study, the viral vector did not seem to transduce a large proportion of the stromal cells. Nonetheless, these results show that it is possible to control the cornea environment before transplantation and that optimization of stromal cell transduction should result in more efficient therapeutic effects. In addition, several corneal dystrophies may also be targeted by this approach, such as Groenouw, Lattice, granular, Reis Bucklers, Thiel Figure 4 Immunofluorescence labeling of green fluorescent protein (GFP) in transduced keratocytes. To quantify the proportion of GFPexpressing keratocytes in the transduced area, cornea were fixed 5 days (a-c) or 3 weeks (d-i) after gene delivery and cryostat sections were treated as described in Figure 3 legend except that primary antibody was incubated at 1:1000 dilution and subsequently detected with a secondary antibody fluorescently labeled with AF-488 (Invitrogen, Basel, Switzerland). Sections were then counterstained with DAPI (4',6-diamidino-2-phenylindole) and mounted in mowiol. At 5 days after femtosecond laser-assisted gene transfer, GFP expression levels can vary from high (thick arrows in a) to low (thin arrows in a) in transduced keratocytes. A small proportion (less than 10%) of the keratocytes evidenced by the DAPI counterstaining did not express a detectable level of GFP (arrowheads). No signal was detected outside the vicinity of the femtosecond laser cut (data not shown). The level of transgene expression did not vary between 5 days and 3 weeks (see quantification in the text). After femtosecond laser-assisted gene transfer (a-f), only few untransduced cells were detected in the transduced area (arrowheads). However, after direct intrastromal injection of the vector (g-i), a greater proportion of untransduced cells were detected (arrowheads). Scale bar: 100 mm in (a-c), 200 mm in (d-i).
Efficient gene transfer into the corneal stroma A-P Bemelmans et al Benke (and other) dystrophies, which provoke a painful opacification and erosion of the cornea (reviewed in Poulaki and Colbi). 27 The fact that an ex vivo gene transfer approach can be envisaged for corneal NV complications and dystrophies opens new perspectives to translate this technology to the clinic. Moreover, the strategy described in this report increases the safety of corneal gene transfer by avoiding vector spreading at the time of administration and allowing to control the presence of vector particles and/or the level of therapeutic factor in the culture medium in the case of corneal allografts.
